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THE  ROLE  OF  ENVIRONMENT  ON  TIME  DEPENDENT  CRACK  GROWTH 
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Gaseous  as  well  as  aqueous  environments  are  known  to 
accelerate  time  dependent  crack  growth  under  either  static 
loading  (SCC  or  HE)  or  dynamic  loading  conditions.  In  some 
cases,  the  rate  controlling  processes  of  these  phenomena  have 
been  related  to  surface  controlled  reactions,  while  in  other 
cases  bulk  reactions  such  as  diffusion  appear  to  be  rate 
limiting.  It  is  not  entirely  clear  that  the  mechanisms  of  time 
dependent  crack  growth  are  identical  for  different 
environment/alloy  couples,  or  for  different  ranges  of  loading 
conditions.  This  paper  will  attempt  to  examine  the  chemical 
aspects  of  environment/alloy  interactions  and  to  correlate  those 
aspects  with  observed  crack  propagation  rates  under  a  variety  of 
loading  conditions  at  or  near  room  temperature.  Additionally,  a 
brief  discussion  of  the  role  of  environment  on  elevated 
temperature  fatigue  crack  growth  will  be  presented. 
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Introduction 


While  it  is  generally  accepted  that  aggressive  environments 
accelerate  crack  propagation  in  cyclically  loaded  metals  and 
alloys,  the  specific  environmental  reactions  or  chemico- 
mechanical  processes  which  control  the  rates  of  crack 
propagation  are  not  always  understood. 

The  role  of  the  environment  is  usually  evaluated  by 
conducting  standardized  tests  under  various  controlled 
environmental  conditions  and  comparing  the  results  to  those 
obtained  in  "neutral"  environments  (e.g.  vacuum  or  inert  gases) 
(1-4).  The  goal  is  to  avoid  failures  by  controlling  or  at  least 
accurately  predicting  crack  growth  or  initiation.  The  advent  of 
fracture  mechanics  has  lead  to  the  development  of  a  semi- 
quantitative  approach  to  these  determinations.  In  this 
approach,  the  usable  lifetime  of  a  component  is  estimated  by 
determining  the  time  required  for  a  pre-existing  flaw  to 
propagate  to  critical  failure.  The  crack  growth  rate,  and 
accordingly  the  service  life,  may  be  determined  by  the  maximum 
possible  rate  of  the  environmental  fracture  mechanism,  however, 
usually  some  slower  environmental  interaction,  which  must 
precede'  the  actual  fracture  and  is  required  by  the  fracture 
mechanism,  is  the  rate  determining  step.  Thus,  changes  in  the 
crack  propagation  rate  resulting  from  altering  the 
aggressiveness  of  the  environment  may  reflect  the  effect  of 
these  alterations  on  the  rate  determining  step(s)  and  not  on  the 
actual  fracture  process. 

Mechanisms  of  Environmental  Assisted  Fracture 

> 

There  are  a  large  number  of  different  fracture  mechanisms 
which  have  been  proposed  to  explain  environmental  assisted  crack 
propagation.  The  details  of  each  specific  mechanism  will  not  be 
discussed  in  this  paper.  However,  the  mechanisms  which  have 
bfcen  proposed  are  based  on  either: 

1.  Active  corrosion  of  material  at  the  crack  tip 

2.  Adsorption  of  environmental  species 

3.  Reactions  in  the  bulk  material  ahead  of  the 
advancing  crack 

4.  The  formation  of  oxide  films 

Specific  mechanisms  differ  in  the  process  by  which  environmental 
factors  combine  with  the  strained  metal  to  result  in  the  actual 
fracture  processes  of  crack  extension.  This  combined  effect 
occurs  at  the  crack  tip  or  in  the  plastic  zone  ahead  of  the 
crack  tip.  A  series  of  events  and/or  reactions  provide  the 
required  environmental  influence  to  this  fracture,  and  usually, 
these  steps  determine  the  rate  of  propagation  and  not  the  actual 
fracture  process. 


Rate  Limiting  Steps 

All  of  the  proposed  mechanisms  require  a  sequence  of 
generally  discrete  events  or  reactions  for  crack  growth  to 
occur.  The  rate  determining  step  of  a  mechanism^is,  of  course, 


the  slowest  step  in  the  sequence  of  reactions  or  events  required 
by  the  mechanism.  Due  to  the  simularities  of  the  different 
mechanisms,  there  are  only  a  few  specific  possible  rate 
determining  steps  for  a  given  fracture  event. 


Figure  1:  Schematic  diagram  of 
various  sequential  processes 
which  may  be  required  for  crack 
propagation  (illustration 
depicts  embrittlement  of  Fe 
by  H)  (39) . 
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Figure  1  schematically  shows  a  crack  tip  exposed  to  an 
environment.  This  figure  shows  that  there  are  at  least  seven 
separate  types  of  processes  which  may  occur,  any  one  of  which 
may  be  rate  determining.  These  include: 

1.  Bulk  mass  transport  of  the  environment  to  the  crack  tip 

2.  Surface  adsorption  at  and  near  the  crack  tip 

3.  Surface  diffusion  to  the  crack  tip 

4.  Surface  chemical  reaction(s) 

5.  Volume  diffusion  ahead  of  the  crack  tip 

6.  Embrittling  reaction(s)  in  the  bulk 

7.  The  separation  (fracture)  process 

It  is  generally  accepted  that  environments  at  crack  tips 
often  differ  from  the  external  environment.  This  may  result 
from  limited  mass  transport  to  this  region.  If  this  is  the  rate 
limiting  step,  propagation  will  vary  with  crack  length,  specimen 
thickness  and  loading  frequency  for  fatigue  tests  (8,9). 

The  rate  of  adsorption  of  atoms  of  environmental  species  at 
the  crack  tip  also  may  be  a  rate  limiting  step.  In  gaseous 
environments  this  can  be  the  rate  of  atoms  impinging  on  the 
crack  tip  surfaces.  In  aqueous  environments  the  rate  of 
adsorption  is  generally  considered  to  be  fast.  If  a  film  forms 
which  blocks  the  adsorption,  the  rate  of  the  mechanical  process 
of  generating  fresh  crack  surfaces  may  become  the  rate  limiting 
step  (10,11). 

If  the  atoms  adsorbed  must  migrate  to  locations  to  affect 
crack  propagation,  then  surface  diffusion  could  be  the  rate 
determining  step.  This  often  occurs  in  gaseous  environments, 
particularly  in  poor  vacuums  (5). 

A  reaction  on  the  surface  also  may  be  the  •'rate  limiting 


step  if  such  a  reaction  occurs.  The  formation  of  oxide  layers 
or  the  dissociation  of  environmental  molecules  would  require 
such  reaction  steps  (18,20). 

Species  in  the  local  environment  or  librated  by  chemical 
reactions  may  diffuse  into  a  sample  ahead  of  the  advancing 
crack.  In  the  highly  strained  region  at  the  crack  tip,  the 
diffusing  species  may  react  with  either  the  alloying  elements  of 
the  sample  or  impurities  in  the  sample.  Also,  if  a 
supersaturation  results  in  the  plastic  zone,  the  diffusing 
species  may  precipitate.  Either  the  diffusion  process  or  a 
chemical  reaction  step  may  be  rate  controlling.  For  example, 
these  steps  may  be  rate  controlling  for  hydrogen  embrittlement, 
internal  oxidation,  carburization,  nitriding,  or  hydrogen  attack 
(12,13).  Diffusion  can  also  be  rate  limiting  for  dealloying 
effects  such  as  preferential  oxidation,  preferential  dissolution 
(ie.  dezinr if ication) ,  or  evaporative  losses  of  high  vapor 
pressure  alloy  constituents  (13). 

The  actual  separation  process  could  be  the  rate  determining 
step,  but  no  investigator  has  found  this  to  be  the  case.  Wei 
(5)  estimated  that  for  AISI  4340  steel  the  activation  energy  for 
the  actual  fracture  process  is  less  than  5  kJ/mole.  This  is 
considerably  lower  than  the  activation  energies  found  for 
environmental  assisted  crack  growth  (5).  The  rate  determining 
step  in  crack  propagation  is  generally  not  the  actual  seperation 
process,  but  usually  some  environmental  interaction  which  is 
required  for  fracture. 

Environmental  Parameters 

Several  different  environmental  parameters  are  known  to 
affect  crack  growth  rates  (14,15).  These  parameters  include, 
but  may  not  be  limited  to: 

I .  Temperature 

II.  Type  of  environment  (bulk  and  local) 

A.  Gaseous 

1.  Specific  components 

2.  Partial  pressure 

3.  Reactivity 

B.  Aqueous 

1.  Solution  species 

2.  Solute  concentration 

3.  pH 

4.  Electrode  potential 

5.  Solution  viscosity 

C.  Others 

1.  Liquid  metals 

2.  Organic  solvents 

Systematically  altering  any  of  these  parameters  or 

combinations  of  them  may  help  to  identify  either  the  rate 


controlling  step(s)  or  the  environmental  species  responsible  for 
crack  propagation.  Altering  the  temperature  may  allow  the 
activation  energy  of  crack  propagation  to  be  determined. 

Static  Loading  Crack  Growth 

Time  dependent  or  sub-critical  crack  growth  under  static 
loading  conditions  is  classified  as  either  creep,  stress 
corrosion  cracking  (SCC),  liquid  metal  embrittlement  (LME),  or 
hydrogen  embrittlement  (HE).  Delayed  failure  phenomena  are 
influenced  by  the  following  parameters: 


1.  Applied  stress  or  stress  intensity  factor 

2.  State  of  stress  or  loading  mode 

3.  Metallurgical  history 

4.  Crack  geometry 

5.  Alloy  composition 

6.  The  environmental  parameters  listed  above. 


Figure  2:  Schematic  of  crack  growth 
rate  (A)  and  time  to  failure  curves 
(B)  for  static  loading  (14). 


W  (*) 


Tests  are  performed  by  placing  either  smooth  samples  or 
precracked  samples  into  the  environment  and  measuring  either  the 
time  to  failure  or  the  actual  crack  propagation  rates.  The 
results  of  the  tests  are  then  plotted  as  shown  in  figure  2. 
Figure  2a  shows  a  typical  plot  of  crack  propagation  rate  against 
the  stress  intensity  factor  for  a  precracked  sample  (15).  From 
this  it  can  be  seen  that  there  are  three  distinct  stages  of 
crack  growth.  In  the  first  stage,  the  crack  propagation  rate 
increases  rapidly  with  the  stress  intensity  factor  beginning  at 
some  stress  intensity  factor  usually  designated  as  the  threshold 
stress  intensity  factor  (K(th)  or  K(1SCC)).  In  the  second 
stage,  crack  growth  is  essentially  independent  of  the  stress 
intensity  factor.  In  the  final  stage,  crack  propagation  is 
again  a  strong  function  of  the  stress  intensity  as  the  crack 
approaches  the  critical  flaw  size  (this  stage  is  not  always 
observed).  In  the  first  and  third  stages,  crack  propagation  is 
strongly  influenced  by  the  stress  intensity  factor.  In  the 
second  stage  or  the  steady  state  stage,  the  crack  propagation 
rate  is  generally  believed  to  be  determined  by  a  rate  limiting 
step. 


Figure  3  shows  the  subcritical  crack  growth  behavior  of 
three  different  steels  in  hydrogen  gas  (14).  In  this  figure. 


two  of  the  steels  demonstrate  stage  2  propagation  which  is 
independent  of  the  mechanical  driving  force  (as  measured  by  the 
stress  intensity  factor).  Since  crack  propagation  is  the  result 
of  combined  mechanical  and  environmental  factors,  and  since 
stage  2  propagation  is  independent  of  the  magnitude  of  the 
mechanical  contribution,  then  it  is  logical  to  assume  that  the 
rate  of  stage  2  growth  is,  in  fact,  determined  by  a  rate 
controlling  environmental  reaction.  By  varying  the  temperature 
and  measuring  the  rate  of  stage  2  propagation,  the  activation 
energy  of  crack  propagation  was  evaluated  (16).  If  this  rate  is 
determined  by  a  single  rate  determining  step,  then  the 
activation  energy  of  crack  propagation  should  be  a  measure  of 
the  activation  energy  of  this  reaction. 
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Figure  3:  Influence  of  gaseous  Figure  4:  Arrhenius  plot  of  the 
hydrogen  (1  atm.)  on  the  static  temperature  dependence  of  the 
loading  crack  growth  rate  of  static  loading  steady  state 
three  steels  (14).  Crack  growth  rate  for  AISI  4130 

steel  in  gaseous  hydrogen  (17). 


Figure  4  is  a  plot  of  the  reciprocal  of  temperature  against 
the  rate  of  crack  growth  for  a  AISI  4130  steel  in  hydrogen  gas 
(17).  In  this  figure,  three  different  regions  of  behavior  are 
shown.  At  low  temperatures  (<0°C)  the  mean  stage  2  growth  rate 
increases  with  increasing  temperature  (region  3  in  figure  4). 
At  higher  temperatures  (>40°C),  the  crack  growth  rate  decreases 
with  increasing  temperature  (region  1  in  figure  4).  Between 
these  two  regions  is  a  transition  region  where  crack  growth  is 
almost  independent  of  temperature  (region  2  in  figure  4).  Both 
regions  1  and  3  show  Arrhenius  type  temperature  dependence  with 
activation  energies  of  -23  and  +18  kJ/mole  respectively  (17,20). 

Figure  5  shows  the  pressure  dependence  of  the  crack  growth 
rate  at  constant  stress  intensity  in  each  of  the  three  regions 
of  temperature  behavior  discussed  above.  A  different  pressure 
dependence  was  found  for  each  of  the  three  regions.  At  low 
temperatures  (region  3),  the  crack  growth  rate  varied  with  the 
square  root  of  the  hydrogen  gas  pressure.  At  high  temperatures 
(region  1),  the  crack  growth  rate  varied  directly  with  the 
pressure.  At  intermediate  temperatures,  region  2,  the  growth 
rate  varied  with  the  hydrogen  gas  pressure  to  the  1.5  power. 
Since  the  activation  energy  for  hydrogen  permeation  (36  kJ/mole) 
is  very  different  from  the  activation  energy  measured  for  crack 
propagation  (18  kJ/mole),  this  is  not  the  rate  controlling  step 


of  hydrogen  embrittlement  under  these  conditions.  Williams  and 
Nelson  (17)  recognized  that  the  shape  of  the  crack  growth  rate 
vs.  reciprocal  temperate  re  curve,  figure  4,  is  of  the  same  basic 
shape  as  an  adsorption  rate  vs.  reciprocal  temperature  curve  for 
thermally  activated  adsorption.  Accordingly,  they  developed  a 
model  for  the  crack  growth  rate  using  the  hydrogen  adsorption 
results  of  Porter  and  Tompkins  (38).  This  model  explains  both 
the  temperature  dependence  of  figure  4  and  the  pressure 
dependence  of  figure  5.  According  to  this  model,  the  activation 
energy  of  the  low  temperature  region,  region  3,  is  the  energy  of 
migration  from  the  "initial"  adsorption  sites.  Also,  according 
to  this  model,  the  activation  energy  measured  for  the  high 
temperature  region,  region  1  in  figure  4,  is  the  sum  of  the  heat 
of  adsorption  and  the  energy  of  migration.  The  activation 
energies  found  in  figure  4  are  in  the  range  of  values  found  by 
Porter  and  Tompkins  (38).  Williams  and  Nelson  concluded  that 
the  crack  growth  rate  in  this  environment  is  controlled  by  a 
heterogenous  reaction  involving  the  transition  of  hydrogen  from 
its  molecular  form  in  the  gas  phase  to  its  atomic  form  on  the 
crack  surface  (21).  To  circumvent  this  slow  step,  Nelson 
et.  al.  tested  samples  in  a  partially  dissociated  hydrogen  gas 
environment  (21)  They  found,  as  shown  in  figure  6,  that  the 
three  distinct  regions  of  thermally  activated  crack  growth  no 
longer  existed,  that  the  activation  energy  for  propagation 
changed,  and  that  the  rate  of  crack  propagation  was  greatly 
accelerated  as  compared  to  that  observed  for  the  same  pressure 
of  molecular  hydrogen  gas  (17).  They  determined  the  apparent 
activation  energy  for  this  environment  to  be  +28.5  kJ/mole  (21). 
Comparing  this  to  the  activation  energies  of  permeation,  +35.6 
kJ/mole,  lattice  difusion,  +7.9  kJ/mole,  and  the  apparent  heat 
of  solution,  +27.2  kJ/mole,  they  concluded  that  the  rate 
controlling  reaction  was  the  establishment  of  a  hydrogen 
population  in  the  ferrous  lattice  just  belov.’  the  crack  tip 
surface  (21).  The  morphology  of  the  fracture  surfaces  in  this 
environment  was  virtually  unchanged  from  that  observed  in  the 
molecular  hydrogen  gas  environment.  These  investigators 
concluded  that  the  specific  mechanism  of  hydrogen  induced 
cracking  did  not  change  as  a  function  of  molecular  or  atomic 
hydrogen  atmosphere  but  that  only  the  rate  determining  step 
changed  (21). 
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Figure  5:  The  effect  of  Figure  6:  Arrhenius  plot  of  the 

hydrogen  gas  pressure  on  the  temperature  dependence  of  static 
static  loading  steady  state  loading  steady  state  crack 

crack  growth  rate  of  AISI  4130  growth  rate  in  a  dissociated 
steel  (17).  hydrogen  gas  environment  (21). 


A  change  of  environment  from  a  gas  to  an  aqueous  solution 
adds  significantly  to  the  complexity  of  the  problem.  In 
addition  to  the  effects  of  solute  type  and  concentration  in  the 
solution,  there  is  also  the  possibility  of  reactions  with  the 
water  itself  to  produce  hydrogen  gas,  oxide  films,  and/or  pH 
changes  in  the  growing  cracks. 

Van  Der  Sluys  studied  the  effect  of  varying  electrochemical 
potential  and  pH  on  the  crack  growth  rate  of  cracks  in  an  AI3I 
4340  steel  (22).  Figure  7  shows  the  potential  vs.  crack  growth 
rate  in  three  different  pH  solutions.  The  curves  show  basically 
three  different  regions  of  potential  vs.  growth  rate  behavior. 
First,  at  potentials  active  compared  to  the  hydrogen  evolution 
potential,  the  growth  rate  increases  with  decreasing  potential 
and  accordingly  increasing  hydrogen  fugacity.  Second,  a  plateau 
is  observed  in  the  region  of  water  stability  (above  the 
potential  for  cathodic  hydrogen  evolution  and  below  the 
potential  where  oxygen  evolution  begins)  and  third,  the  growth 
rate  decreases  with  increasing  potentials  above  the  oxygen 
evolution  potential  (22).  The  drop  off  at  passive  potentials 
was  not  very  great.  In  the  pH  2  solution,  the  growth  rate 
actually  increased  with  potentials  above  the  oxygen  evolution 
potential  (figure  7).  Van  Der  Sluys  (22)  concluded  that  at 
cathodic  potentials  hydrogen  embrittlement  is  the  dominant 
mechanism  of  crack  growth  and  at  anodic  potentials  dissolution 
is  the  dominant  mechanism  of  crack  growth. 


Figure  7 :  Crack  growth  rate 
under  static  loading  at 
constant  stress  intensity  vs. 
electrochemical  potential  in 
solutions  'f  pH=2.4,  9.3  and 
11.7  (22). 

°=oxygen  evolution  potential 
a=hydrogen  evolution  potential 


Figure  8:  Arrhenius  plot  of  the 
temperature  dependence  of  the 
static  loading  steady  state 
crack  growth  rate  of  HY-180M 
steel  in  3.5%  sodium  chloride  at 
two  electrochemical  potentials 
(23). 


Bala  and  Tromans  studied  the  crack  growth  rate  of  HY-180M 
steel  in  a  3.5%  NaCl  solution  (23,24).  They  found  a  strong 
dependence  of  crack  growth  rate  on  potential.  No  crack  growth 
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occurred  at  -0.52  V(SHE)  but,  crack  growth  did  occur  at 
potentials  both  above  and  below  this  value  (The  reversible 
potential  for  iron  in  this  solution  is  -0.53  V(SHE))  (23,24). 
They  also  concluded  that  hydrogen  embrittlement  was  responsible 
for  cracking  at  active  potentials  uhile  anodic  dissolution  was 
involved  at  noble  potentials.  However,  while  studying  the 
effects  of  temperature  on  the  crack  growth  rate,  these  authors 
observed  the  same  effect  of  increasing  temperature  in  promoting 
more  transgranular  SCC  at  a  cathodic  potential  (-1.0  V  Ag/AgCL) 
and  at  an  anodic  potential  (-0.48  V  Ag/AgCl).  As  a  result,  they 
altered  their  earlier  conclusion  and  concluded  that  the  same 
mechanism,  hydrogen  embrittlement,  was  responsible  for  fracture 
in  both  potential  ranges  (24).  The  activation  energy  of  a  rate 
determining  process  could  not  be  determined  from  an  Arrhenius 
type  analysis  a a  shown  in  figure  8.  This  result  indicates  that 
crack  growth,  which  is  much  slower  than  that  shown  for  the  AISI 
4130  steel  shown  in  figure  4,  is  under  mixed  rate  control. 
Processes  which  may  contribute  to  the  control  of  the  growth  rate 
are  hydrogen  ion  discharge,  surface  adsorption  and  migration, 
and  lattice  transport  of  atomic  hydrogen.  At  anodic  potentials, 
the  kinetics  of  anodic  dissolution  and  subsequent  hydrolysis 
reactions,  which  lower  the  pH,  thus  making  hydrogen  evolution 
possible,  may  further  limit  the  crack  growth  rate  (Figure  8) 
(24). 

Cyclic  Loading  Crack  Growth 

Crack  growth  processes  under  cyclic  loading  conditions  are 
more  complex  than  for  static  loading  conditions.  In  addition  to 
the  parameters  discussed  above,  crack  growth  under  cyclic 
loading  is  influenced  by  the  following  variables: 

1.  Peak  Stress  Intensity  (K(max)) 

2.  Stress  Intensity  Range  (A  K) 

3.  Stress  Ratio  (R) 

4.  Frequency  (f) 

5.  Load  Waveform 

Figure  9  shows  three  different  types  of  crack  propagation 
curves  typical  of  corrosion  fatigue  (15).  Type  A  is  typical  of 
a  material  in  an  aggressive  environment  where  stress  corrosion 
cracking  does  not  occur.  The  environment  reduces  the  threshold 
stress  intensity  factor  for  the  initiation  of  crack  propagation. 
Also,  the  relative  influence  of  the  environment  on  the  crack 
growth  rate  is  reduced  as  the  rate  of  crack  growth  increases. 
This  is  typical  of  materials  such  as  aluminum  in  pure  water 
(15,25) . 

The  second  type  of  propagation  shown  in  figure  9,  type  B, 
is  for  an  environment  which  causes  stress  corrosion  cracking. 
At  stresses  below  the  stress  corrosion  threshold,  the 
environment  has  no  effect  on  crack  propagation.  However,  as  the 
maximum  stress  intensity  in  the  load  cycle  increases,  it 
eventually  reaches  and  exceeds  the  stress  corrosion  threshold. 
When  this  occurs  the  crack  growth  rate  increases  sharply.  This 
type  of  propagation  is  observed  in  steels  in  aqueous 
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environments  (18-20).  Tha  third  type,  typa  C,  is  mora 
represantativa  of  what  is  commonly  obsareved  in  service;  a 
combination  of  the  two  previous  types. 


Air  is,  of  course,  tne  most  commonly  encountered  gaseous 
environment  and  has  a  significant  effect  on  the  fatigue 
properties  of  most  engineering  alloys.  Usually,  fatigue  crack 
propagation  in  air  is  increased  with  respect  to  vacuum  at  the 
same  temperature.  Oxygen  and  water  vapor  are  usually 
responsible  for  this  detrimental  effect.  However,  under  certain 


conditions,  exposure  to  air  can 
propagation  (29-31). 


Figure  9:  Three  basic  types  of 
corrosion  fatigue  crack  growth 
behavior  (27). 


retard  or  even  arrest  crack 


Figure  10;  Fatigue  crack  growth 
of  two  aluminum  alloys  in 
various  environments  and 
vacuum  at  a  loading  frequency 
of  100  Hz  (26) . 

(a) .  Al-2.5Cu-l.5Mg-l.2Ni 

(b) .  Al-5.8Zn-2.7Mg-l.3Cu 


Figure  10  shows  the  effects  of  gaseous  environments  on 
fatigue  crack  propagation  of  two  aluminum  alloys  (26).  Water 
vapor  is  tha  most  detrimental  component  in  the  gaseous 
atmosphere  for  these  alloys.  However,  for  nickel  alloys,  oxygen 
is  the  most  detrimental  species,  and  for  high  strength  steels 
both  water  vapor  and  oxygen  are  equally  detrimental. 

The  effect  of  gas  pressures  on  crack  propagation  usually 
follows  a  3tep  or  "S"  type  behavior  with  some  critical  pressure 
range  separating  a  placeau  of  no  effect  from  a  plateau  where 
saturation  of  the  effect  occurs.  This  type  of  behavior  is  shown 
in  Figure  11  (27)  where  the  crack  growth  rate  for  three  stress 
intensity  ranges  are  plotted  against  the  partial  pressure  of 
water  vapor  for  aluminum  alloy  2219-T851  (27,25).  At  pressures 
below  the  critical  pressure,  the  crack  growth  rate  rapidly 
approaches  that  observed  in  vacuum  or  in  argon  gas.  Pao 
et.  al.  (39)  found  that,  for  an  AISI  4340  steel  in  water  vapor, 
the  frequency  where  the  minimum  in  crack  growth  rate  was  reached 
corresponded  to  the  point  where  the  exposure  per  cycle 
(pressure/2xf requency )  was  not  great  enough  for  the  onset  of 
oxidation.  Also,  they  found  that  the  maximum  crack  growth  rate 
per  cycle  corresponded  to  the  exposure  per  cycle  where  the 
oxidation  of  the  steel  surface  at  the  crack  tip  was  essentially 
complete  (39).  However,  Wei  et.  al.  (25,27)  found  that  this 
approach  required  an  adjustment  of  three  orders  of  magnitude  to 
fit  the  data  of  figure  11.  As  a  result,  they  assumed  that  the 
rate  of  mass  transport  must  be  the  crack  growth  rate  limiting 


step.  The  limited  transport  of  water  vapor  to  the  crack  tip  and 
the  rapid  reaction  rate  of  aluminum  and  water  vapor  results  in 
an  effectively  reduced  gas  pressure  at  the  crack  tip. 
Therefore,  the  exposure  of  the  metal  at  the  crack  tip  to  the 
damaging  environment  for  is  aluminum  alloy  is  less  than  that 
assumed  by  the  model  ot  Pao  et.  al.  (39).  By  using  reaction 
rate  data  and  assuming  Knudsen  flow  up  the  crack,  Wei  et.  al. 
(27)  estimated  that  an  essentially  constant  reduced  pressure 
develops  at  the  crack  tip  and  then  used  this  pressure  in  the 
previous  model  to  derive  the  line  shown  in  figure  12  (27,25). 
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Figure  12:  Comparison  of  the 
observed  fatigue  crack  growth 

Figure  11:  Influence  of  water  response  for  2219-T851  aluminum 
vapor  pressure  on  fatigue  crack  alloy  in  water  vapor  and  a 
growth  rate  in  2219-T851  transport-limited  rate  model 

aluminum  alloy  (25).  (25). 


Environment  also  has  significant  effects  at  elevated 
temperatures.  For  example,  figure  13  shows  the  effect  of  oxygen 
pressure  on  the  crack  growth  rate-  of  316  stainless  steel  at 
500°C  (28).  The  same  type  of  critical  pressure  effect  is 
observed  at  this  temperature  as  is  typically  found  at  lower 
temperatures.  The  fatigue  lives  of  a  nickel  base  superalloy 
(MAR-M200)  at  three  different  temperatures  in  air  and  vacuum  are 
shown  in  figure  14  (1,2,29).  From  this  it  can  be  seen  that  at 
two  temperatures,  air  accelerated  failure,  while  at  760°C 
(1400°F)  air  has  no  effect  and  at  925°C  (1700°F)  air  retards 
failure.  Austin  (31)  found  that  at  room  temperature  a 
directionally  solidified  Cobalt-base  eutectic  (COTAC) 
demonstrated  accelerated  crack  propagation  and  a  reduced 
threshold  in  air  as  compared  to  vacuum  (figure  15a).  At 
elevated  temperatures,  crack  propagation  in  vacuum  increased 
compared  to  room  temperature  vacuum  tests  (figure  15b). 
However,  at  temperatures  above  approximately  600°C  crack 
propagation  did  not  occur  in  air  for  the  medium  and  low  stress 
intensities  shown  in  figure  15.  Introduction  of  air  into  the 
vacuum  chamber  of  a  propagating  fatigue  crack  at  750°C  resulted 
in  immediate  arrest  and  increasing  the  stress  range  resulted  in 
propagation  followed  by  another  arrest  (31).  Alternating  stress 
intensity  levels  which  resulted  in  continued  propagation  caused 
failure  in  less  than  a  thousand  cycles  (31).  It  was  concluded 
that,  the  positive  volume  change  of  oxidation  at  the  crack  tip 
results  in  reducing  the  effective  alternating  stress  intensity 
and  increasing  the  mean  stress  intensity  (31). 
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Figure  13:  Effect  of  oxygen 
pressure  on  fatigue  crack 
growth  rate  of  type  316 
stainless  steel  at  500°C  (28). 
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Figure  15:  Fatigue  crack  growth 
solidified  eutectic  in  air  and 
(31). 


Figure  14:  Fatigue  life  of 
nickel  superalloy  single 
crystals  (low  carbon  MAR-M200) 
In  air  and  vacuum  at  20,  760 
and  925°C  (1) . 

AK, 


in  a  cobalt  base  directionally 
vacuum  at  25°C  (a)  and  750°C  (b) 


Aqueous  solutions  are  generally  aggressive  and,  as  with 
static  loading,  aqueous  solutions  are  more  difficult  to  analyze 
than  are  single  component  gaseous  environments.  The  effect  of 
frequency  and  waveform  in  aqueous  solutions  have  been  studied  by 
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Figure  16:  Effect  of  loading  variables  on  the  corrosion  fatigue 
crack  growth  of  a  12Ni-5Cr-3Mo  steel  in  3.0%  sodium  chloride 
solution:  (a)  Frequency  effect  and  (b)  Load  waveform  effect 
(32). 
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Figure  17:  Effect  of  loading 
frequency  on  the  fatigue  crack 
growth  rate  of  a  6Al-6V-2Sn 
titanium  alloy  in  0.6N  sodium  • 
chloride  solution  (35). 
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Figure  18:  Effect  of  water 
additions  on  the  fatigue  crack 
titanium  alloy  in  a  0.6  N 
lithium  chloride  methanol 
Solution  (36). 


many  different  investigators.  For  example,  Barsom  (32,33) 
studied  the  effects  of  these  variables  on  steels  below  the 
stress  corrosion  cracking  threshold.  Figure  16a  (32)  shows  the 
effect  of  frequency  on  the  crack  growth  rate.  Barsom  found  that 
the  propagation  followed  the  Paris-Erdogan  (34)  equation  at  all 
frequencies:  da/dN  =  D(t)(AK)2  .  Only  the  pre-exponential 
coefficient  D(t)  varied  with  the  environment  and  frequency.  In 
air,  D(t)  was  a  constant,  independent  of  frequency.  In  sodium 
chloride  solution,  D(t)  increased  with  decreasing  frequency 
(figure  16a).  By  changing  the  waveform  at  a  constant  frequency 
(6  Hz),  it  was  found  (Figure  16b),  that  the  rising  portion  of 
the  load  wave  form  was  responsible  for  the  environmental  damage 
observed  (Figure  16b).  Sinusoidal,  triangular,  and  positive 
sawtooth  waves  all  had  the  same  crack  growth  rates.  However, 
fast  rise  time  square  waves  and  negative  sawtooth  forms  had  the 
same  crack  growth  rate  in  the  3%  sodium  chloride  solution  as  all 
of  the  waveforms  had  in  air. 

Figure  17  shows  the  behavior  of  a  Ti-6%  Al-6%  V-2%  Sn  alloy 
in  an  aqueous  environment  which  causes  stress  corrosion  cracking 
(0.6M  NaCl)  (35).  This  shows  the  typical  crack  propagation 
behavior  for  this  type  of  corrosion  fatigue  system  as  shown 
above  in  figure  9.  However,  the  stress  intensity  range  where 
stress  corrosion  cracking  apparently  begins  is  below  that  where 
the  peak  stress  intensity  (K  max.)  is  equal  to  the  statically 
measured  threshold.  Above  this  apparent  stress  corrosion 
cracking  level,  decreasing  the  frequency  increased  the  crack 
propagation  rate.  Below  this  level,  the  opposite  frequency 
effect  was  found.  The  level  of  the  transition,  the  stress 
intensity  range  for  stress  corrosion  cracking,  increased  ith 
decreasing  frequency  approaching  the  statically  measured  value. 
Methanol  causes  intergranular  corrosion  of  this  alloy  and,  if  a 
load  is  applied,  intergranular  cracking.  Figure  18  shows  the 
effect  of  combining  two  corrosive  environments  in  different 
ratios  (36).  Apparently  repassivation  of  the  surface  cannot 
occur  in  pure  methanol  and  adding  water  allows  passivation  to 
occur  below  the  level  for  stress  corrosion  cracking.  Above  the 
stress  corrosion  cracking  threshold,  the  crack  propagation  rate 
is  greater  than  the  beneficial  repassivation  rate.  This 
explains  the  shift  in  the  observed  stress  intensity  range  for 
stress  corrosion  cracking  with  frequency  and  the  cross  over  in 
frequency  effect.  That  is,  above  the  apparent  stress  corrosion 
threshold,  slower  frequencies  allow  more  dissolution  and 
hydrogen  evolution  per  cycle  resulting  in  more  crack  growth  per 
cycle.  However,  below  the  critical  level,  slower  frequencies 
allow  a  thicker  protective  layer  to  form  resulting  in  less  crack 
growth  per  cycle.  Since  passivation  occurs  at  a  relatively 
fixed  rate,  the  critical  stress  intensity  range  where 
passivation  of  the  metal  at  the  crack  tip  stops,  decreases  with 
increasing  frequency  (36). 


DISCUSSION 


The  crack  growth  rate  curves  of  sub-critical  crack 
propagation  under  static  loading  conditions  exhibit  three 
characteristic  features  (fig.  2).  These  three  features  are  the 
threshold  stress  intensity  factor,  the  steady  state  or  stage  2 
crack  growth  rate  and  the  stress  intensity  of  final  critical 
fracture  which  is  a  materials  constant.  Both  the  steady  state 
or  stage  2  crack  growth  rate  and  the  stress  intensity  threshold 


for  crack  growth  are  characteristic  of  the  environment  and  the 
mechanical  loading  conditions. 

The  crack  growth  rate  placeau  in  stage  2  is  believed  to 
result  from  a  rate  limiting  environmental  reaction  or  step. 
This  is  a  critical  assumption  which  makes  this  feature  important 
for  analyzing  the  role  of  the  environment  in  time  dependent 
crack  propagation.  The  assumption  that  the  steady  state  crack 
growth  rate  is  determined  by  a  rate  determining  environmental 
step  is  based  upon  two  observations.  First,  environmental 
assisted  crack  propagation  is  the  result  of  the  combination  of 
mechanical  and  environmental  factors  and  second,  the  crack 
growth  rate  appears  to  be  independent  of  the  mechanical 
contribution.  By  varying  environmental  factors  and  measuring 
the  steady  state  crack  growth  rate,  the  rate  determining 
environmental  reaction(s)  or  step(s)  can  be  studied.  However, 
by  studying  both  the  environmental  reactions  and  the  crack 
growth  rate,  something  can  be  learned  about  the  fundamental 
environmental  fracture  process  other  than  the  identification  of 
undesirable  environmental  conditions  or  species. 

The  threshold  stress  intensity  factor  has  not  been 
discussed  in  detail  in  the  preceeding  sections.  While  it  is  an 
important  parameter,  this  paper  has  concentrated  on  crack 
propagation  and  not  on  the  initiation  stage  of  crack  growth.  In 
this  stage,  there  is  more  than  sufficient  environmental 
contribution  for  fracture  but  barely  enough  mechanical  driving 
force.  That  is,-  the  threshold  stress  intensity  for  crack 
propagation  is  the  minimum  required  mechanical  contribution  to 
the  fracture  process  for  fixed  equilibrium  or  steady  state 
environmental  conditions. 


Three  regions  are  also  found  in  the  crack  growth  curves  for 
dynamic  loading.  However,  these  three  regions  are  present  in 
both  inert  and  aggressive  environments.  There  is  no  feature, 
such  as  the  steady  state  crack  growth  rate,  which  can  be 
attributed  solely  to  the  environmental  component  of  crack  growth 
and  then  used  to  identify  the  rate  determining  environmental 
processes.  However,  the  superposition  model  of  Wei  and  Landes 
(37)  can  be  used  to  attempt  to  seperate  the  relative 
contributions  of  environmental  effects  from  purely  mechanical 
fatigue  damage  (15,27).  This  model  assumes  that  these  two 
effects  are  independent  of  each  other  or  that  they  can  be 
analyzed  as  such.  According  to  this  assumption,  the 
environmental  contribution  to  crack  growth  can  be  found  by 
subtracting  the  crack  growth  rate  measured  in  an  inert  reference 
envrionment  (R)  from  that  measured  in  the  aggressive  environment 
(E).  Mathematically  this  is  expressed  as: 


(12:)  -  (12)  = 

WE  VdN;R  dtr  A2 


'dN'R 


This  equation  yields  a  crack  propagation  rate  increase  due  to 
the  aggressive  environment  vs.  alternating  stress  intensity 
curve.  This  environmental  contribution  to  the  fatigue  crack 
growth  rate  can  be  analyzed  to  determine  the  origin(s)  of  the 
environmental  effects.  The  environmental  term  may  be  a  single 
effect  or  it  may  result  from  the  summation  of  different  effects. 
Different  environmental  assisted  fracture  mechanisms  may  be 
competing.  Distinction  between  effects  can  be  made  by  varying 
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environmental  variables  and  loading  variables  such  as 
temperature,  pressure,  loading  frequency  and  loading  waveform. 

Wei  and  Landes  (37)  originally  identified  a  sustained  load 
or  stress  corrosion  component  to  crack  growth  for  loads  during 
the  load  cycle  above  the  stress  corrosion  cracking  threshold. 
This  term  is  calculated  from  the  static  loading  loading  crack 
growth  data  obtained  in  an  identical  environment.  This  stress 
corrosion  term  is  sufficient  for  modeling  the  corrosion  fatigue 
behavior  of  various  steels  and  titanium  but  not  for  the 
aluminum/water  system  where  there  is  a  strong  interaction  of  the 
corrosive  environment  and  the  cyclic  loading.  This  stress 
corrossion  term  is  sufficient  for  systems  which  demonstrate  the 
type  of  corrosion  fatigue  illustrated  by  type  B  in  figure  9. 
Additional  environmental  interaction  terms  are  required  to  model 
the  more  general  types  of  corrosion  fatigue  illustrated  in 
figure  9.  Weir  et.  al.  (30)  and  Wei  and  Simmons  (40)  have 
examined  the  interaction  of  corrosive  environments  and  cyclic 
loading.  These  investigators  have  developed  surface  reaction 
control  and  transport  control  terms.  More  recently,  Wei  and 
Shim  (41)  have  extended  these  terms  to  represent  frequency  and 
temperature  effects  in  aqueous  solutions. 

The  object  of  this  discussion  is  not  to  describe  these 
models  in  detail,  but  to  demonstrate  that  resonable  models  for 
corrosion  fatigue  crack  growth,  and  in  the  future  static 
environmental  assisted  crack  growth,  are  being  developed.  Also, 
to  show  that,  as  has  frequently  been  pointed  out  by  Wei  and  co¬ 
workers,  environmental  crack  propagation  tests  alone  will  not 
answer  all  of  the  questions  about  the  role  of  the  environment  in 
time  dependent  crack  growth  unless  they  are  supplimented  with 
quantitative  chemical  and  metallurgical  examinations.  That  is, 
a  totally  integrated  approach  will  be  required  to  reach  a 
complete  understanding  of  this  problem. 

Summary 

This  paper  has  shown  that  gaseous  as  well  as  aqueous 
environments  will  accelerate  time  dependent  crack  growth  under 
both  static  and  dynamic  loading  conditions.  Also,  to  illustrate 
the  complexity  of  this  problem,  examples  have  been  shown  where 
an  aggressive  environment  (air  at  elevated  temperatures)  will 
actually  delay  failure  or  arrest  crack  growth.  Crack  growth 
behavior  depends  strongly  on  the  exact  nature  of  the 
environment,  the  samples  reactivity  in  this  specific 
environment,  and  loading  and  metallurgical  variables.  Complete 
understanding  of  the  role  of  the  environment  in  time  dependent 
crack  growth  can  only  follow  from  thorough  integrated 
investigations  into  all  of  these  factors. 
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